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Abstract 
 The renewable energy sources such as wind 

energy maintain to increase in popularity since they 

are inexhaustible and pollution-free. The horizontal-

axis wind turbine has been the most common type of 

wind turbines but  due to recent increase in popularity 

of personal green energy solutions, Vertical-Axis Wind 

Turbines (VAWT) are becoming more common. 

Besides two mayor rotor types of VAWTs the Darrieus 

and Savonius rotor there are also new types of 

promising VAWT designs which are a kind of blend 

between the Savonius and Darrieus ones. The 

“blending” is achieved in this paper by the B-spline 

based parameterization developed for generic VAWT 

blade shape optimization. Both single wind-speed and 

real-site operating conditions, specified by a given 

distribution of wind speed are considered. Developed 

computational framework enables optimizer to 

synthesize and evaluate both the Darrieus and 

Savonius types but also to invent new generic shapes 

for custom operating conditions. Approach enables the 

optimizer to apply the same shape parameterization 

with small number of parameters to all considered 

cases. The developed workflow consists of efficient 

geometry parameterization, genetic algorithm based 

optimizer and a computational fluid dynamics based 

simulator.  The promising results of custom-shaped 

vertical axis wind turbines for given specific site are 

presented through the case studies. 

Keywords: parametric 3D shape optimization, robust 

optimization, vertical-axis wind turbine, CFD 

1 Introduction 
 In  recent  years,  an  interest  in  wind  energy  

has  been  growing and will continue to gain in 

popularity since it is renewable, pollution-free and 

inexhaustible [1]. The use of wind energy is included in 

a diversity of technologies: heating, navigation and 

most importantly in electricity generation [2]. The 

benefits of using wind energy are real as the demand 

and usage are rising.  

Two major types of wind turbines exist, a more 

common one is the horizontal-axis wind turbine 

(HAWT) although Vertical-Axis  Wind  Turbines 

(VAWT)  have recently been gaining popularity due to 

increased interest in individual solutions for electric 

energy generation. VAWTs are common in private 

homes, small residential and suburban areas as a way 

of providing local renewable energy generation. In this 

way individual’s can reduce energy consumption from 

the electrical grid or achieve a relatively inexpensive 

mean for an off-grid power generation in isolated 

areas, often in combination with other energy sources. 

VAWTs have several advantages compared to HAWTs 

of which lower noise, simpler design and easy 

installation makes them popular for the individual users 

and domestic use. A constant cross-section of VAWT 

blades makes manufacturing easier compared to the 

complex variable cross-section of HAWT blades. 

Unlike the HAWT where the blades at individual cross 

section have a fairly constant angle of attack, the 

VAWT rotor blades have to be designed for various 

angles of attack as the VAWTs rotates perpendicular 

to the flow. Fluctuations of the torque are produced by 

the blades since the individual blade angle of attack is 

a function of its azimuthal location. The time average 

value of torque is typically considered as the 

optimization goal since a blade has different angle of 

attack through the rotation cycle. The complex design 

of the HAWT blades includes varying cross-sections 

with twisting in spanwise direction, but conveniently a 

local angle of attack is constant for a given wind 

speed. This is not the case for the VAWT blades and 

consequently they must be designed so that they 

exhibit good aerodynamic performance throughout at 

the various angles of attack that occur during the 

rotation cycle.  The blades of the Darrieus VAWT 

realize this through the production of lift, while torque 

generation for the Savonius-type is primarily drag 

based. The Savonius and Darrieus designs can be 

regarded as drag driven and lift driven VAWTs 

respectively although Savonius rotor is partly driven by 

lift at low angle of attack [3]. As the maximum possible 

efficiency of the lift driven turbines is larger than for the 



drag driven turbines, the main attention today is 

focused on lift driven turbines. Savonius rotor has 

advantage of fairly large starting torque and is likely to 

be of a lower cost per power output because of very 

simple design but it cannot compete from the 

aerodynamic point of view but they can be used at 

starters for other types of VAWTs with low starting 

torques. There are also new types of VAWTs emerging 

in the wind power industry which are sort of 

combination between the Savonius and Darrieus 

rotors.  

The design of rotor blades is directly related to the 

performance of the wind turbine generator and it is the 

main object of this paper. This paper aims at the 

development of a computational framework for generic 

shape optimization which is able to construct and 

evaluate shapes of VAWT blades such as the Darrieus 

and Savonius. But It can  also synthesize new 

geometries custom shaped for specific site using the 

developed generic shape parameterization. The 

workflow consists of an efficient geometry 

parameterization, optimizer based on evolutionary 

algorithm and a computational fluid dynamics (CFD) 

based flow simulator. Transient CFD model was 

developed for accurate and time-efficient VAWT power 

prediction suited for optimization purposes. The 

computational workflow provides customized shape 

optimization for both constant operating conditions and 

site specific wind speed distribution. 

2 Vertical Axis Wind Turbine 

Performance 
 VAWTs can  have  differently shaped  blades:  

from scoop shaped blades for Savonius like  WT  to 

profiled blades of Darrieus WT with  the airfoil like 

cross section. Darrieus WT design has evolved into 

different rotor shapes; from    shape to H rotor shape 

with straight or helical blades or V/Y rotor. A hybrid 

VAWT takes advantage of the Savonius rotor to assist 

the Darrieus WT in self-starting.  Poor self-starting of 

Darrieus VAWT gave rise to optimization of blade 

section in order to improve self-starting and keep the 

high value of WT power coefficient: 

 )2//( 3 AvPcP       (1) 

A  is the rotor swept area, 2RAHAWT  ,

RHAVAWT 2 , R  being the rotor radius  and H  the 

rotor height respectively).  It is reported that VAWT 

designs with asymmetrical airfoils and increased rotor 

solidity  contribute to such design goals [4].  

The tip speed ratio  : 

  vR /             (2) 

of VAWT is lower ( 51 )   compared to that of two 

or three bladed HAWT ( 106  ), Figure 1; both 

ranges of    values refer to the WT peak power 

coefficient maxPc , [5] [6].  VAWT designed for the 

same wind speed and rotor swept area  as that of 

HAWT have lower rotational speed and less noisy 

operation compared to HAWTs. 

 
Figure 1: Performances of main conventional wind 

machines 

Regardless of a rotor type the CFD prediction of the 

output of various VAWT types is based on the 

integration of pressure wp  and shear stress w  forces 

acting on the blade surface bA . For an instantaneous 

azimuthal position    of a blade in Figure 2 and Figure 

3 the corresponding shaft torque of a single blade bT  

is:  
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TdF  is the peripheral-tangential wind force component, 

r


 the position vector of dA  with normal n


and  z is the 

axis of rotation.   

 
Figure 2: Forces on VAWT 

By averaging the contributions of N  rotor blades per 

one rotor revolution:  

 2/)( dTNT bav                 (4) 



the CFD prediction of the  VAWT aerodynamic power 

averaged per rotor revolution is:   

avP  = avT             (5) 

If the integration of pressure and shear stress takes 

place around the blade strip of height dh in Figure 2 

then the resultant force can be resolved to the lift LdF

and drag DdF  force. The variation of these forces per 

one rotor revolution due to change in the wind relative 

velocity w


 and the corresponding angle of attack   

clearly indicates the ripple of VAWT torque.   

 
Figure 3: Forces on airfoil segment dh 

Since the blade shape, and the power coefficient are 

closely coupled, it   is difficult   to   select   a   geometry 

that maximizes the single-speed power coefficient and 

especially the annual energy production. Therefore 

accomplishing blade shape selection is not 

straightforward and an iterative approach with 

numerous performance tests is required. This is 

realized through the implementation of optimization 

techniques applied to blade shape parameterization.  

3 Parameterization for vertical 

wind turbine 
For evaluating VAWT blade design with genetic shape, 

transient 3D CFD simulations accompanied with large 

computational efforts are required. This means that the 

number of shape evaluations will be small and that the 

geometry parameterization needs to be as efficient as 

possible. Parameterization of the blade geometry 

applied for wind turbine optimization found in literature 

usually incorporates a distribution of the chord length 

and twist angle while airfoil is varied by selection from 

user defined catalogue of airfoil sections. Generic 

parameterization of airfoil section using Bezier curves 

applied for shape optimization also exists in literature 

[7] while recent papers [8] consider fully generic blade 

shape geometry optimization using B-spline surfaces.  

Complex 3D shape is commonly represented by CAD 

models that contain many geometric primitives along 

with their attributes in addition to the relationships 

linking those entities. While this approach is sufficient 

for computer aided design it is a rather bad choice in 

the case of shape optimization. The database-like 

structure of the geometric CAD model usually requires 

many parameters to define complex geometries such 

as the VAWT blades. This high search space 

dimensionality is inadequate for the VAWT shape 

optimization making the use of integral shape models 

with a reasonable number of shape parameters a 

preferred choice. Most elementary approach is based 

on a single polynomial surface, with the case of 

complex 3D VAWT blade shapes this requires high-

degree polynomials. Their lack of local control in 

addition to oscillatory behavior is likely to introduce 

numerical difficulties. Most common approach in order 

to avoid this is through use of B-spline surfaces that 

exhibit sought properties such as local control and 

continuity. B-spline surfaces are defined as 
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The equations (6)-(8) define the B-spline. As the 

individual shape functions Ni,j(t) are non-zero just for 

the [ti, ti+j+1) interval, while amounting to zero for t<ti 

and t≥ti+j+1, the property of local control is ensured. As 

a result, the surface is formed exclusively by a small 

number of adjacent control points, Qij. The first and the 

last blending function in both u and v directions are 

equal to unity at the ends while rest of the blending 

functions equal to zero thus the surface passes 

coincidently through the end curves. The shape of the 

surface is controlled by modifying the knot vectors and 

now the properties of local support, partition of unity 

and non-negativity add to the numerical stability of the 

subsequent optimization procedure.  

In this paper the integral B-spline surface is used for 

the modeling of individual blade geometries. Full 3D 

freedom of all the control points yields the highest 

modeling capacity but at the cost of high 

dimensionality of optimization space. Large 

computational costs required for the transient CFD 

simulations makes this approach inadequate since 

only relatively small number of the geometry 

evaluations can be conducted on realistic time-scales,  

hence an efficient parameterization method with small 

number of optimization variables is necessary.  

Conventional approach is to build the 3D blade shape 

by using 2.5D geometry parameterization, i.e. by 

application of transformation operators to the 

preselected 2D airfoil. This approach was applied in 

the paper in such a way that the B-spline surface 

“rows” represent the 2D airfoil (Figure 4) while the 

“columns” represent a evolution from 2D airfoils to 3D 

blade shape.  

(7) 



 
Figure 4: Quasi-2D parameterization by transformation 

of base B-spline profile 

This allows for significant reduction of optimization 

space dimensionality with relatively small losses in the 

modeling capacity. Using this approach the 

parameterization method adopted specifically for 

VAWT design was developed. Fully-generic airfoil 

design is still possible while some generality of full 3D 

shapes is just temporarily lost since underlying generic 

B-spline surface can eventually resume the 

optimization process with full control-points freedom at 

any point during the numerical procedure. The 

proposed parameterization can represent s variety of 

shapes, for example both the Darrieus and Savonius 

VAWT designs. Also mutually very different geometries 

can be invented as illustrated later in Figure 16 for the 

global optimization case.  

To achieve reduction in number of parameters, the 

rotor blade was considered to be made from constant 

profile cross-section extruded, rotated and translated in 

third dimension. Many parameters were considered 

and some can be set constant during optimization in 

order to reduce the number of variables for the specific 

cases. The blade is defined by two B-spline surfaces 

connected with C2 continuity condition at leading edge 

and C0 continuity at first control point positions.  The 

base airfoil profile is represented by the first row of the 

B-spline surfaces (Figure 4) and can be represented 

with B-spline curves (Figure 5). For this paper the 

number of control points is set to 5 for each B-spline 

“curve” but this number can be taken arbitrarily. Each 

control point of the curve can in general case have two 

free position variables – the respective x and y 

positions. To reduce this number, variables were 

decomposed to 5 “local” airfoil shape parameters and 

4 “global” with the remaining values depending on 

previous one.  

 
Figure 5: Parameterization of profile by B-spline 

control-points row 

The local airfoil parameters are the relative control 

point positions, while the global parameters have 

influence on the whole profile  by modifying its length 

and/or position relative to the axis of rotation. The local 

parameters are three profile thickness parameters 

(designated as Thickness_i). The next  two parameters  

are the distances from the chord line (ChordLineDist_i) 

and they can effectively change the airfoil shape from 

symmetric to non-symmetric. The global parameters 

are the positions of control points CP1 and CP5 which 

directly influence the wind turbine radius, for 

convenience they were parameterized in polar 

coordinates.  The position of CP1 changes the chord 

length of a profile if CP5 is fixed and its azimuthal 

position. The angle positions of CP1 or CP2 must be 

fixed so that “rigid-body” rotation is not allowed as an 

optimization variable. The chordwise relative position 

of CP8, CP2, CP7 and CP3 control points is kept the 

same. The C2 tangency condition in the common 

control point CP5 provides an additional constraint and 

thereby fully defines the positions of CP6 and CP4 

control points. This leaves only the angle between 

CP4-CP6 line and chord line as the final parameter 

(ChordLine angle in Figure 5) and thereby the airfoil 

cross-section is fully defined .  

The height of blade can be modified by increasing the 

distance between the individual B-spline surface rows 

using translation matrix (T) in (9),. The Z0 distance is 

kept constant for each individual row. The 

Transformation operators were applied in order to 

extrude the blade in the height direction: 
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While Z0 is constant for individual row, X0 is 

optimization variable and Y0 is not considered since 

translation in y direction is provided by the rotation 

matrix Rz in (10).  Another implemented operator is the 

rotation about the airfoil center, equivalent to (10) with 

the different axis of rotation – ¼ of the airfoil chord. To 

reduce the number of variables the transformation 

parameters (TP) are not free for an individual row but 

are the function of z variable: 

TP(z)=bTP∙z+ cTP∙z2  (11) 

 

where bTP, and cTP are optimization variables for the 

respective transformation parameter. The final VAWT 

geometry parameter is the number of vanes.  

Geometry of blades is bounded by suspension plates 

for the Savonius case, but they can be removed if 

other suspension means are implemented. 

This approach to parameterization can be generalized 

by adding rows and columns (Figure 4), in that way 

offering custom-variably detailed resolution of shape. 

The developed computational framework enables 

optimizer to construct and evaluate shapes of VAWTs 

such as the Darrieus and Savonius type but also to 

invent and synthesize new geometries; custom shaped 

for specific locations based on CFD based evaluations. 

The developed approach based on B-spline surface for 

modeling 3D shapes offers generic shape optimization 

to the optimizer and enables optimizer to use the same 

shape parameterization with very compact set of 

parameters for wide array of shapes. A compact 

parameter set is crucial for the optimization procedure 

since global shape optimization requires large number 

of evaluation to achieve convergence. Although the 

developed approach somewhat limits the full 3D 

generic optimization, use of the B-spline surface still 

allows for eventual subsequent local modifications and 

fully generic shape optimization. This can be achieved 

simply by removing constraints (relations) for some of 

the control points, for instance one can use the shape 

obtained by 2.5D parameterization as initial solution for 

the continuation of the optimization procedure. 

Achieved reduction of the number of parameters was 

accompanied with a loss in shape generality but a 

reasonable compromise was established. 

4 Numerical flow modeling 
Various computational models attempt to predict the 

performance of a wind turbine: vortex models, 

momentum models – blade element momentum theory 

(BEM), computational fluid dynamics (CFD) models [7] 

[9] [10].  Each model has its own strengths and 

weaknesses. The aerodynamic performance prediction 

of VAWT with blades of arbitrary shapes that can be 

achieved by the optimizer, requires the use of complex 

3D turbulent flow models (RANS, DES.. ). 3D CFD is 

used here due to results that compare favorably with 

the experimental data [1] [11] [12] and its flexibility that 

is required in the framework of analyzing the complex 

shapes that can be generated by the optimization 

procedure. The CFD prediction of a wind turbine 

typically requires large computational domains, small 

elements in near-blade area and additional turbulence 

modeling to capture unsteady aspects. In addition, the 

flow has to be solved with transient formulation 

typically with sliding interfaces making it 

computationally expensive. Because of computational 

complexity, a great deal of interest was in reduction of 

computational time as much as possible.   

4.1 CFD model 
Flow was modeled by RANS based 3D transient CFD 

model implemented in ANSYS CFX software [13]. The 

CFD predictions even for simple 2D airfoils depart from 

the experimental ones at large incidence angles [14]. 

While most of the RANS models introduce a delay in 

stall prediction [14], transition in the boundary layer 

from laminar to turbulent can be improved (but at the 

cost of additional equations) with SST transitional 

model. In this paper k SST turbulence model is 

implemented since it represents a good compromise 

between computational accuracy and complexity and 

has shown ability to predict VAWT aerodynamic 

performance [15]. 

CFD model was initially tested on Savonius VAWT 

geometry [16]. The computational domain was divided 

into stationary part that represents the VAWT 

surroundings and rotating part that includes the VAWT 

rotor. The CFD simulation is initialized by the frozen 

rotor simulation and afterwards the transient simulation 

is continued for one and a half full rotor revolution. The 

results obtained during the last full revolution are  

taken into of average torque, Figure 6.  

 
Figure 6: CFD computational stages necessary for 

accurate torque prediction   



Many mesh tests were conducted in order to minimize 

the optimization time and keep the solution in-sensitive 

to the mesh changes. Tests were initially conducted on 

Savonius VAWT geometry from [16] for which the 

experimental results of aerodynamic performance were 

available. The peak power coefficient was measured at 

the tip speed ratio of 0.7 and it amounts to 0.18. The 

CFD results show only small deviation from the 

experimental ones, the power coefficient curve is 

shown in Figure 12.  

Multiple tests were conducted afterwards to reduce 

mesh size and keep the simulation accuracy. Mesh 

tests were conducted by variations of the selected 

parameters and using SOBOL experiment initialization 

to monitor the convergence of aerodynamic 

performance such as power coefficient. Time step 

measured in degrees was varied and the results 

showed that there was no significant change in the 

results from 1 to 10 degrees time-steps. The time-step 

of 8 degrees was adopted, where the solver residuals 

for each time-step converge in 5-10 iterations. Multiple 

domain discretizations were also tested for overall 

simulation (meshing + solving) speed.  The tetrahedron 

mesh zone showed the best results for the rotational 

part of domain regarding the robustness and the 

overall needed computational time. Meanwhile, for the 

surroundings zone the multi-zone mesh method [13] 

displayed good results. Between these two mesh 

types, large increase in element size exists as 

illustrated in Figure 7a, so in-between the intermediate 

stationary zone is added to gradually increase 

elements size (Figure 7b).  The tetrahedron mesh is 

used in the intermediate zone as it reduces the overall 

computational time. 

 
a) 

 
b) 

Figure 7: Domain discretizations 

The size of mesh elements was prescribed with both 

local and global settings: 

- local mesh size: 6 mm 

- local refinement in the leading edge area: 3mm 

- global element size in surroundings domain: 50 

mm 

These setting are applied for the rotor diameter of 218 

mm, blade chord 109 mm and blade height 173 mm. 

Element sizes for the larger VAWT designs were 

scaled linearly with size. Element growth size ratio is 

1.2 throughout the domain. To accurately model the 

boundary layer, prismatic mesh layer was added so 

that the first element height is 0.03 mm and following 

30 elements grow in size by a factor of 1.2 also. Size 

of elements obtained earlier will automatically be 

scaled to the airfoil chord. The domain size and mesh 

size outside the rotational domain was automatically 

scaled with respect to the VAWT radius and height.  

 

 
Figure 8: Mesh section for H-Darrieus VAWT with 

zoom on prismatic mesh layer 

5 Optimization procedures 
Numerical methods in combination with powerful 

computers have enabled the designers to create 

various design tools based on optimization algorithms.  

Depending on the problem a number of different 

combinations of optimization algorithms and 

techniques can to be implemented. Here, the problem 

is a hybrid optimization case with both discrete 

(number of blades) and continuous variables (shape 

parameters). Since global optimization is needed for 

wide search in the highly dimensional optimization 

space, genetic algorithms are preferred. The used type 

of genetic algorithm was the MOGA II [17] that can be 

used for both single point and robust (multiple wind 

speeds for a given speed distribution) optimization.  



 
Figure 9: Computational workflow schematic: process 

flow - horizontal direction and data flow – vertical 
direction 

Schematic of workflow implementing all needed 

procedures is illustrated, Figure 9. Corresponding data 

mining and coordination of process flow were 

implemented using commercial software 

modeFRONTIER [17]. Two different models of 

excellence were considered. The basic one is the 

maximum power coefficient for single design wind 

speed. The second excellence model is the robust 

optimization related to the annual energy production.  

In the case of robust optimization with corresponding 

wind-speed distribution, numerical samples involving 

different operating regimes are generated as 

representative of the respective distribution for a given 

location. The wind-speed distribution measured at the 

Lastovo Island [8] is used for all optimization cases.  

Single operating condition optimizations were 

conducted for wind-speed 7.75 m/s so that the 

theoretical maximal AEP for the hypothetical single 

wind-speed location and the Lastovo island wind-

speed distribution stays the same. 

6 Results 
Three different cases were conducted and can be put 

in two distinct categories, the first one is local shape 

optimization of pre-existing geometries (Savonius and 

H-Darrieus) and the second one is global shape 

optimization with no presumed initial shape. For the 

local optimization cases the initial geometry can 

generally be obtained from CAD model, 3D scanning 

(and fitting B-spline) or by manually setting the values 

of earlier described design parameters.  The first case 

uses the same Savonius VAWT model [16] as earlier 

was used for the starting solution in the optimization 

procedure. To improve the convergence speed, only a 

few shape variables were selected as optimization 

variables. Shape variables regarding the “airfoil” shape 

are the distances from the chord line (Figure 5) with 

the effect of changing the blade “airfoil” shape from 

cylinder to generic curve. The remaining optimization 

variables are the rotation transformation parameters 

eq. (10) and (11), whose effects is the rotation 

distribution about the VAWT rotation axis. In this as 

well as all following cases the rotational speed and 

height were kept to their respective constant values. 

Because only four optimization variables exist the 

initial population can be initialized with 50 initial 

designs. Single speed optimization is conducted for 

=0.87 while annual energy production is optimized for 

Lastovo island wind-speed distribution. The results for 

both single-speed power coefficient optimization and 

AEP are illustrated in Figure 10. 

 
Figure 10: Optimization results for both single-speed 

power coefficient and annual energy production 
objective 

Figure 11 illustrates shapes obtained for two different 

optimization objectives. The first case illustrated in 

Figure 11a is the VAWT optimized for single-speed 

location while Figure 11b illustrates VAWT design 

optimized for a given wind-speed distribution. The 

robust optimization has synthesized the design that 

exhibits less rotation of profiles by height and as such 

is potentially easier to fabricate. In combination with 

higher AEP it offers a more promising design.  

 

 

 
Figure 11: Optimization results for different operating 
regimes: a) single speed b) wind speed distribution 

Figure 12 show improvements in power coefficient 

curves for individual optimized blade compared to 

original semicircular blade.  Single speed optimization 

conducted at =0.87 shows higher power coefficient 

amounting to 23.7% while at the same tip speed ratio, 



robust optimized case has 1% lower power coefficient, 

22.7%. For a given location, robust optimal design 

produces 66 kWh/a while the design optimized for 

single-speed produces 57 kWh/a. 

 
Figure 12: Power coefficient curves for original 

semicircular shape and optimized cases. 

For the optimized geometry, there is a large area of 

low pressure on Figure 13a, the same area of low 

pressure does is smaller on the suction side of semi 

circular blade. 

 

 
a) 

 

 
b) 

Figure 13: Flow patterns for a) robust optimized 
geometry and b) semi-circular geometry 

The second optimization case is accompanying the 

first case as the combined-hybrid self starting VAWT 

can possibly be improved by the developed workflow. 

The H-Darrieus type was used by researchers in 

combination with the Savonius design to achieve self 

starting hybrid VAWT in the paper [18]. This was the 

initial geometry for this optimization case. The airfoil 

was NACA 0030, with the blade length 900mm and 

radius 675mm. Selected variables were only the airfoil 

shape that change the local airfoil shape while its 

position and chord were kept constant as well as 

rotational speed set to 150 rpm. Note that H-Darrieus 

WT is not operating at its best tip speed ratio regarding 

the power coefficient. The primary advantage of this 

design is its self-starting ability generated by thick 

NACA 0030 airfoil. To disable optimizer to converge 

towards classical H-Darrieus WT design, chord length 

and airfoil radial position were fixed. Here again a 

significant improvement can be achieved for location 

specific robust optimization. The robust-optimal shape 

produces 1708 kWh/a while the geometry optimized for 

single-speed generates 1453 kWh/a at Lastovo island 

location. In the power calculations, efficiency of electric 

generator is not considered.  

Improvement for custom specified location is apparent 

for both the Savonius and H-Darrieus of the combined 

- hybrid VAWT. Geometrically very different shapes 

were synthesized for two different sites, the 

hypothetical single-speed site and Lastovo island. 

Moreover, the power coefficient curves for the robust 

design also deviated from the single point optimization 

and are in favor of the lower tip speed ratios (Figure 

15) i.e. the higher wind-speeds. It is expected that high 

wind speeds are preferred in the robust optimization 

case since they account to large part of AEP. 

 

 

 
Figure 14: H-Darrieus airfoil optimization 



 
Figure 15: Power coefficient curves for optimized self-

starting H-Darrieus geometries 

Last case of global optimization was conducted with all 

full freedom given to the optimizer as described in the 

VATW parameterization chapter. Optimization was 

conducted for single-speed optimization with tip speed 

ratio of approximately =3, but it is variable since 

radius can be varied. Rotational speed was constant 

as well as the rotor height.  Following case study has 

shown that the optimization procedure of global 

optimization with no presumed initial shape is indeed 

possible. During 15 generations, the evolution from 

random shapes to more conventional was evident 

despite the small number of generations. Selected 

designs from the global optimization procedure are 

illustrated in Figure 16. 

This case while potentially most rewarding, requires 

large amounts of computational time. The developed 

workflow has proven its functionality and robustness 

for wide array of VAWT shapes, nevertheless many 

design evaluations were required for the evolutionary 

optimization to reach convergence given the high 

dimensionality of the optimization search space. The 

proposed framework was able to conduct both global 

optimization with no presumed initial geometry and 

local optimization of existing geometry. 

7 Conclusion 
The framework capable of generating various VAWT 

shapes using low number of variables was developed. 

In combination with flexible, accurate and 

computationally efficient CFD based performance 

prediction method, it was shown that custom designed 

shapes for specific location can be generated. A rather 

Good agreement of the CFD results with the available 

experimental data was obtained, with relatively low 

computational time and low mesh sensitivity. The 

Proposed framework with included B-spline based 

geometry modeler was able to conduct both local 

optimization as well as global optimization with no 

presumed geometry. 

Several case studies were presented with promising 

results towards the aspired numerical framework for 

customized VAWT design for optimum performance 

with a given operating conditions. The first category of 

local optimization case studies has showed that pre-

existing Savonius and H-Darrieus designs can be 

improved when wind speed distribution was 

considered in comparison to single speed optimization. 

The Developed parameterization was able to adapt to 

both the Savonius and H-Darrieus shapes and during 

the global optimization case yielded a completely new 

VAWT designs. This global optimization represents the 

second category of case studies where the optimizer 

was given full freedom of all shape variables in the 

developed parameterization. Promising results towards 

custom designed shapes and flexibility of 

parameterization were illustrated. Therefore, the 

developed computational workflow can be seen as a 

numerical device for customized design of VAWT 

blades. The developed approach to modeling 3D 

shapes using B-spline surfaces enables the optimizer 

to synthesize wide array of shapes with possibility of 

generic shape optimization.  

Future work will include more generations for global 

optimization cases for various operating conditions. 

Since optimization requires high computational 

Figure 16: Selected designs from global optimization 
case 

 



resources, surrogate models will be included to 

possibly improve slow convergence of evolutionary 

algorithms. Since urban areas require silent VAWT 

operation, multi-objective optimization with noise 

related criteria as a second objective will also be 

included. 
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